The structural properties, the electrical resistivity and the magnetic properties of the "ferromagnetic" superconductor Ru(Sr 1−x La x ) 2 GdCu 2 O 8 are systematically investigated as a function of La doping, of temperature and of external magnetic field. These compounds are characterized by superconductivity (T C = 45 K) in the CuO 2 planes coexisting with weak ferromagnetism in the RuO 2 planes. Pure Ru-1212 reveals properties similar to those observed in heavily underdoped high-Tc materials. We present a detailed investigation of the dc and ac magnetic properties. Doping with La gives no significant structural changes but reduces the charge carrier density and already at x = 0.03 superconductivity is completely suppressed while the magnetic ordering temperatures are slightly enhanced. On increasing x the charge carriers are localized at low temperatures and for x = 0.1 semiconducting transport properties dominate below room temperature.
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I. INTRODUCTION
After early reports 1 of superconductivity in R 1. 4 Ce 0.6 RuSr 2 Cu 2 O 10−δ (R = Gd: T C = 42 K; R = Eu: T C = 32 K) coexisting with magnetism with high ordering temperatures (R = Gd: T N = 180 K; R = Eu: T N = 122 K) a new class of hybrid ruthenocuprates (Ru 1212) has been synthesized which shows coexistence of weak ferromagnetism with superconductivity [2] [3] [4] [5] [6] [7] . These compounds can be derived from the 123 high-T c superconductors by replacing the CuO chains by RuO 2 layers and are characterized by a sequence of CuO 2 double-layers carrying the superconductivity and RuO 2 layers responsible for the weak ferromagnetism. RuSr 2 GdCu 2 O 8 shows magnetic order below 135 K and the onset of superconductivity at 45 K 3 . For the isostructural Eu compound these transition temperatures are shifted to 32 K and 132 K respectively 6, 7 . The intrinsic nature of bulk superconductivity and the uniform character of the magnetic interactions have been shown utilizing muon-spin rotation 3 , ESR techniques 8 , Raman 9 , and FIR experiments 10 . Focusing on the Gd compound, the structural details were reported by McLaughlin et al. 11 and Chmaissem et al. 12 . The average structure is tetragonal, but superstructures resulting from coherent rotations of the RuO 6 octahedra were observed by electron diffraction 11 . The RuO 6 octahedra are rotated around the c-axis, with a small additional rotation around an axis perpendicular to c. Specifically the superconducting properties sensitively depend on sample-preparation procedures. But a clear correlation between structural details and superconducting transition temperatures has not yet been established. Even non-superconducting samples reveal the same tertragonal space group P4/mmm with lattice parameters a = 0.3833 nm and c = 1.159 nm 13 similar to those observed in the superconducting compounds with a = 0.3836 nm and c = 1.156 nm 12 and a = 0.3838 nm and c = 1.157 nm 11 . Finally, using isotope enriched samples it has been proven that the Ru atoms order antiferromagnetically (G-type) along the c-axis with a saturated moment of 1.2 µ B and with the neighboring spins being antiparallel in all three crystallographic directions 14, 15 . The ferromagnetic moment which has been observed in magnetization measurements must result from the rotation of the Ru octahedra about an axis perpendicular to c, resulting in finite antisymmetric exchange interactions and probably producing a slight canting of the Ru moments. From the neutron diffraction an upper limit of 0.1 µ B was derived for the ferromagnetic moment 14 . The Gd moments order independently below 2.5 K, again revealing simple G-type antiferromagnetism 14 . It is important to note that the Gd spins are surrounded by four Ru spins with a spin structure that yields a complete cancellation of an average interaction between Ru und Gd. However any ferromagnetic moment at the Ru site would induce a ferromagnetic moment at the Gd site suppressing this frustration 15 .
The coexistence of superconductivity and weak ferromagnetism motivated proposals of unconventional superconducting order parameters [16] [17] [18] . That the order parameter may be of the Fulde-Ferrell-Larkin-Ovchinnikov type has been derived from band-structure calculations by Pickett et al. 16 who calculated a ferromagnetic ground state using LDA + U methods. On the contrary, Nakamura et al. 19 derived an antiferromagnetic ground state using first-principles full-potential linearized augmented plane wave calculations. And even the old ideas put forth by Anderson and Suhl 20 about the possibility of a domainlike magnetic structure in presence of superconductivity , the so-called cryptoferromagnetic state, comes into mind. In order to gain further insight into the interplay of magnetism and superconductivity we synthesized a number of doped Ru(Sr 1−x La x ) 2 GdCu 2 O 8 compounds with La concentrations ranging from 0 < x < 0.1. The samples were carefully characterized using x-ray diffraction and were investigated using susceptibility, magnetization and electrical transport measurements. • C in air. The product was then ground, pressed into pellets and heated at 1010 • C in nitrogen atmosphere. The pellets were then reground into fine powders and put into a furnace at 1050 • C for 10-12 h in flowing oxygen, followed by slow cooling. This sintering was repeated twice at temperatures of 1055 and 1060
• C with intermediate grindings. Finally the samples were again pressed into pellets and annealed for 6 days at 1060
• C in flowing oxygen and cooled slowly at the rate 30
• C/h to room temperature. Some of the samples were annealed for further 6 days under the same conditions to see how the sample quality increases on further heat treatments. Characterization of Ru(Sr 1−x La x ) 2 GdCu 2 O 8 by powder x-ray diffraction at room temperature revealed the same primitive tetragonal structure of pure RuSr 2 GdCu 2 O 8 for all samples investigated (x = 0, 0.01, 0.03, 0.05 and 0.1). This structure is characterized by space group P 4/mmm in which Ru ions occupy the crystallographic 1b site (0, 0, Exemplarily, the x-ray diffraction patterns of Ru(Sr 1−x La x ) 2 GdCu 2 O 8 for x = 0, x = 0.05, and x = 0.1 are shown in Fig. 1 . As evident from Fig. 1 , the intensities decrease for increasing La concentration due to increasing absorption. Consequently, the less accurate statistics upon increasing the La concentration is mainly responsible for increasing reliability factors. For all compounds investigated no significant spurious phases could be detected. For x = 0 and x = 0.1 a weak intensity just above the sensitivity level of the experiment can be detected close to 2Θ ≈ 31.5 o . Usually this intensity is attributed to residues of SrRuO 3 or GdCuO 4 21 . These compounds both reveal magnetic order with ordering temperatures close to 165 K and 260 K, respectively. No anomalies could be detected in the magnetization experiments close to these temperatures. The results of the refinements of the x-ray diffraction patterns are summarized in Table I . For the pure compound the lattice parameters determined in this work compare well with those reported in literature 11, 12 , and also the atomic positions which can be refined according to the crystal symmetry agree well with published results 11 . With increasing La doping only insignificant changes of the lattice parameters can be observed. Even the Cu-O-Ru bond angle φ ≈ 171, for the compounds investigated, remains rather constant. Hence we expect that the charge transfer from Cu to Ru remains the same. But of course, the holes are compensated by the extra electrons induced via the La doping and, at first sight, disorder only is introduced off the RuO 2 and CuO 2 layers. One might speculate if La 3+ really replaces Sr 2+ or rather is substituted for Gd 3+ . Our main experimental evidence comes from the careful Rietveld analysis which revealed the best agreement between observed and calculated intensities in case that Sr indeed is replaced by La. We are aware that diffraction experiments are not very sensitive for low impurity levels and probably are no finite proof.
However we believe that at least for the sample with x = 0.1, the Rietveld refinement which signals a La concentration of 11.8% is significant and certainly can be considered as a strong experimental evidence. In addition, if La replaces Gd the samples would contain an excess of up to 20 % of free gadolinium, for which we found no indications, neither in the diffraction patterns nor in preliminary EPR experiments which should be rather sensitive even to low Gd concentrations.
The measurements of the magnetic ac-susceptibility and the magnetization were carried out using a Quantum Design SQUID magnetometer which operates in fields up to 50 kOe and for temperatures 1.8 K < T < 800 K and with a mutual induction bridge for acsusceptometry and dc-extraction magnetization measurements within an Oxford cryo-magnet in fields up to 140 kOe and in the temperature range 1.5 K < T < 300 K. The transport investigations were carried out in the same Oxford system. Dc-resistance and magnetoresistance have been recorded employing a standard four probe method.
III. RESULTS AND DISCUSSION
A. DC-resistivity
Fig.
2 shows the dc resistivity of
temperature at zero external field as observed for the complete series of samples investigated. The main frame compares the results for the pure compound with those obtained in the La doped compounds with x = 0.01, 0.03 and 0.05. Focusing on the pure compound, on decreasing temperatures the resistivity decreases, passes through a minimum close to 80 K and slightly increases just before the onset of superconductivity at 50 K, while the resistance completely has vanished below 31 K. The temperatures where the resistance reaches 90% and 10% of the initial onset values amount 46 and 35.5 K respectively, yielding a smeared out superconducting phase transition of 10 K which seems to be rather broad even for ceramic samples. We suggest that the intrinsic magnetic interactions in part are responsible for this broad transition. On La doping the room temperature resistivity values are continuously increased. The sample with x = 0.01 behaves similar as the pure compound with the superconducting phase transition shifted to values which are approximately 10 K lower. For x ≥ 0.03 superconductivity is fully suppressed. Again the resistivity passes through a minimum and reveals a semiconducting temperature characteristic below 100 K. Finally for x = 0.1, ρ(T) is strongly increased even at room temperature and increases for all temperatures below 300 K (see solid line in the inset of Fig. 2 ). In this inset we also show the resistivity for x = 0.1 in an Arrhenius type representation (dashed line) to demonstrate that the strong increase towards low temperatures is not a purely thermally activated behavior. But the resistivity in this compound also can not be described using variable-range-hopping models which consider the hopping of charge carriers in strongly disordered semiconductors. The magnetic phase transition appears as a weak smeared-out anomaly in the temperature dependence of the resistivity at temperatures close to 150 K. This broad anomaly shifts to higher temperatures on increasing x. As an example of the magnetic field dependence of the resistivity in the superconducting state, Fig. 3 shows the temperature dependence of the resistivity for the pure compound in zero external field and in fields of 100 kOe (upper frame of Fig. 3 ) and for x = 0.01 for a series of external magnetic fields 0 < H < 140 kOe (Fig. 3 , lower frame). In both samples the superconducting transition temperatures are significantly shifted to lower temperatures. But at the lowest temperatures even in the highest fields the samples remain superconducting. The inset in Fig. 3 reveals the magnetic field dependence of the resitivity for x = 0.1 at 5 K. The electrical resistance approaches zero values at a field of approximately 3 T. Before studying magnetization and susceptibility as function of La doping we investigate the pure compound in some detail. Here special attention is paid to investigate the ferromagnetic character of the magnetic order. From neutron scattering it has become clear 14, 15 that the Ru ions display predominantly a G-type antiferromagnetic structure, with a ferromagnetic moment below 0.1 µ B . The temperature dependences of the magnetic dc-susceptibility χ dc = M/H (upper frame) and of the inverse dc-susceptibility (lower frame) are shown in Fig. 4 . The M/H-data were measured at H = 10 kOe and thus the onset of the ferromagnetic order parameter (spontaneous magnetization) at T m ≈ 140 K already is smeared out. The solid line in the upper frame gives the ac-susceptibility measured at a small ac-field of H ac ≈ 0.1 Oe rms . Here a pronounced peak is detected at T m . The peak is followed by a plateau like regime towards lower temperatures. This type of behavior is typical for domain contributions below the order temperature in soft ferromagnets. But it is worth mentioning, that the maximum value of χ ac at the transition is relatively small compared with other ferromagnets. χ ac · 4π < 0.13 emu/cm 3 , i.e. nearly no demagnetization effects are present even in the vicinity of the magnetic transition.
At temperatures below 50 K the dc magnetization shows a Curie-like increase and finally a small peak at T N ≈ 2.7 K (see inset of Fig. 4) , which signals the antiferromagnetic order of the Gd sublattice. The overall behavior of the dc-magnetization at H = 10 kOe can be described assuming two independent contributions of the Gd-and the Ru-sublattice respectively. The Rusublattice orders (weak) ferromagnetically at T m while Gd remains paramagnetic and orders antiferromagnetically at low temperatures. The lower frame of Fig. 4 shows the inverse dc-susceptibility in the temperature range 1.5 K < T < 800 K.The solid line is fitted according to the superposition of two independent CurieWeiss contributions. (The fitting regime only included the linear, i.e. field independent temperatures, where χ ac and χ dc coincide). The parameters for the Gd sublattice were kept fixed at the values µ ef f = 7.94 µ B and θ = −4 K corresponding to the 4f 7 electron configuration of Gd (J Gd = 7/2) and the low antiferromagnetic order temperature. The resulting fitting parameters for the Ru sublattice are given in Fig. 4 and Table 2 . The effective moments resulting from this fitting procedure turned out to be enhanced compared to the ones expected for a low spin (LS) 4d 3 electron configuration in Ru can be found in literature 3, 6 . As it has been pointed out by Butera et al. 6 , by fixing some of the parameters significantly different parameters can evolve. Using four free parameters for the both sublattices one gains a value of µ ef f = 1.9 µ B for Ru effective moment together with an enhanced Curie-Weiss temperature for the Gd contribution of θ Gd ≈ 20 K. Probably one should not overemphasize the validity of the fitting parameters which are highly correlated and we have to admit, that the resulting fit parameters as indicated in Fig. 4 are in some ways ambiguous. As mentioned above, the paramagnetic moment of Ru seems to be slightly larger as to be expected for a LS configuration of Ru 14, 15 . At higher external magnetic fields a purely ferromagnetic state is induced. As can be seen in Fig. 5 the saturation value of M s = 8 µ B /formula unit is reached, in agreement with the expectation for localized ferromagnetically aligned Gd 3+ and Ru 5+ spins. Ferromagnetism is induced already for fields smaller than 10 kOe.
In Fig. 6 the real part of the ac susceptibility χ ac is plotted against the dc bias field H dc for several temperatures in the magnetically ordered phase regime. The data were taken after zero field cooling from above T m to the respective temperatures and then measured at ν = 1 Hz with H ac = 1 Oe. In the whole temperature range below T m distinct maxima can be detected in χ ac (H dc ). Usually such features are referred to a metamagnetic transition. A purely ferromagnetic state would result in a monotonous decrease of the susceptibility with increasing magnetic field. For a canted antiferromagnetic state one would expect a nearly constant behavior due to the continuous enhancement of the canting angle due to the external field. For the superconducting state of course a negative value for χ ac is observed. χ ac turns positive when the increasing field flux penetrates the superconducting sample and gives a positive contribution. The results shown in Fig. 6 can qualitatively be interpreted within this picture of a field induced transition from a canted antiferromagnetic (CA) to a ferromagnetic state (FM). In the neutron scattering experiments 14 a spin-flop transition of the Ru moments has been observed close to 4 kOe at 80 K. This is significantly higher when compared to our results. The inset of Fig. 6 shows the positions of the maxima in χ ac (H dc ) and illustrates the regime where the canted antiferromagnetic (CA) state is stable. In our ac susceptibility results at 50 K a FM state is established in fields as low as 1 kOe.
In order to study the magnetic properties within the superconducting phase, we performed a series of ac susceptibility measurements in the temperature range 1.8 K < T < 50 K with frequencies 1 Hz < ν < 1 kHz and ac field-amplitudes of 0.1 Oe rms < H ac < 10 O rms as illustrated in Fig. 7 . The data were received on cooling in zero external dc field. The real part of the susceptibility χ ac (upper frame of Fig. 7) shows a significant drop undergoing the superconducting transition and becomes negative close to the temperatures where the electrical resistance approaches zero. For small field amplitudes (0.1 Oe rms , solid lines in Fig. 7 ) the sam- ple is fully screened and a value close to χ ac,volume = −1/4π emu/cm 3 is reached. It has to be stated that the ac method is no proof of the Meissner effect, which has controversially been discussed for this system. χ ac (T ) (lower frame of Fig. 7) shows a broad peak which coincides with an inflection point in χ ac . The onset of the drop in χ ac lies close to the temperature where the resistivity approaches zero (see Fig. 2 ) and at this temperature also the losses in χ ac strongly increase. Sometimes in polycrystalline high-T c superconductors two loss peaks can be distinguished due to the intrinsic (intragrain) lower critical field and lower critical field of the intergrain region. In this case only one contribution can be resolved. At low temperatures and small external fields which are smaller than the lower critical field H ac H c1 , the sample should be completely screened and the real part of the susceptibility χ ac = −1/4π emu/cm 3 while the losses χ ac should vanish. On the other hand, close below the intrinsic superconducting transition temperature the stimulus exceeds the lower critical field H ac H c1 and the sample will nearly completely be penetrated, which results in a vanishing contribution to complex χ * ac . Between these extremes the sample will be partially penetrated resulting in a diamagnetic contribution to χ ac and finite loss contributions χ ac due to the hysteresis effect of the flux trapped in the sample. Within this scenario for a ordinary type-II superconductor the peak in χ ac (T ) would denote the case when the applied field and the effective lower critical field are of the same order of magnitude H ac ≈ H c1 . In the present case it is remarkable that even for the lowest temperatures and smallest applied ac fields (see solid line in the lower frame of Fig. 7 ) the loss does not vanish as to be expected for the case H ac H c1 but seems to saturate at a finite value. This means that even at T = 2 K and H ac = 0.1 O rms a considerable fraction of the sample is penetrated by magnetic flux. In addition these features in the ac susceptibility reveal a distinct frequency dependence. Such effects may be explained by the viscosity of the vortices due to flux-pinning. The frequency dependence of the peak in χ ac (T ) measured with H ac = 0.1 O rms (shown in inset of Fig. 7) can be described using an Arrhenius law ν = ν 0 exp(−E b /T ) with an effective pinning barrier of E b ≈ 0.21 eV. This value is one order of magnitude smaller than found e.g. in YBCO for the same stimulus.
Both, the vanishing H c1 and the low pinning barrier may result from the enhancement of the applied external fields by the intrinsic ferromagnetic magnetization. The internal fields seem to be even always larger than an "intrinsic" H c1 , which would result in a spontaneous vortex phase 22 .
Ru(Sr1−xLax)2GdCu2O8
In Fig. 8 we show the dc magnetization as obtained in the pure and in the La-doped compounds in an external magnetic field of 0.5 Oe. The FC results reveal that the small ordered moment of the pure compound even decreases on La doping. This fact implies that the canting angle for the doped compounds almost approaches 180
• . This fact is not correlated with the Cu-O-Ru angle, which remains constant within the experimental uncertainties (see Tab. 1).
For x = 0 and x = 0.01 we observed a clear splitting of the FC and ZFC branch close to T m , which is absent for the higher doping concentrations. From the FC/ZFC measurements at H dc = 0.5 Oe we found evidence at least for a partial evolution of the Meissner state. The diamagnetic contribution of the FC magnetization curve can be estimated to amount 5% of the ZFC value. But there is no evidence for the complete absence of the Meissner effect as proposed in literature. In the inset of Fig. 7 we show the inverse susceptibility also for the La-doped samples. Already a first inspection reveals that the magnetic transition temperature significantly is shifted to higher temperatures on increasing doping. If we analyze the data as outlined above and as shown in Fig. 4 we find an increase of the Curie-Weiss temperature of the Ru-sublattice to values of 160 K for x = 0.05 and 180 K for x = 0.1. This significant increase in the exchange interaction can only be explained assuming that the superexchange is enhanced via structural changes induced by the La doping. As the lattice constants almost remain constant for all doping levels one possibly has to assume slight changes in the bond angles.
IV. CONCLUSIONS
We have presented a detailed investigation of the structural and electronic properties of pure and La doped RuSr 2 GdCu 2 O 8 . Up to La concentrations x = 0.1 the structural details almost remain unchanged, including the Cu-O1 bond lengths and the Cu-O1-Ru bond angles. It has been pointed out by McLaughlin 11 that the Cu-O1 bond is unusually short when compared to other cuprate superconductors and results in a charge transfer introducing p holes in the CuO 2 planes and electrons into the t 2g band of the RuO 2 layers. Based on simple valence-bond caculations the oxidation states of Cu and Ru can be written as 2+p and 5-2p respectively 23 . Using the structural data p can be estimated for all compounds investigated and scatters around values p ≈ 0.45 which is much too high regarding the closeness of the metal-to insulator transition. We would like to recall that in optimally doped YBa 2 Cu 3 O 7 p ≈ 0.2 23 . Already at 3% of La 3+ substitution for Sr 2+ completely suppresses superconductivity which means that in addition to the charge compensation the remaining holes are trapped, possibly by disorder effects. Nevertheless, this effect reveals that RuSr 2 GdCu 2 O 8 is very close to a metal-to-insulator transition and the concentration of holes in the CuO 2 planes must be very low.
From the magnetic susceptibility it is clear that there is a very moderate canting of the Ru moment, yielding only weak ferromagnetism. On doping the onset of magnetic order is shifted to higher temperatures, but the ferromagnetic component even becomes weaker, pointing towards a more and more ideal antiferromagnetic-type G structure. This point also illuminates a severe problem which exists in the pure compound. Two thermodynamic phase transitions according to ordering of the two sublattices can only occur if they are fully decoupled. A weak ferromagnetic component certainly will couple the Ru and Gd spins and indeed in electron-spin resonance experiments a finite coupling has been detected 8 . Of course ESR experiments are carried out in finite fields which according to Fig. 6 immediately will induce a ferromagnetic state. However, many experimental facts point toward a ferromagnetic component in zero external field and one expects only one magnetic phase transition. However, definitely two transitions can be detected (Fig. 4) . This fact remains to be explained.
From ac susceptibility experiments we provide a schematic (H, T ) phase diagram for the pure compound separating a CA phase at low fields from a induced FM state at higher external fields. Finally we discuss the ac susceptibility results in terms of a spontaneous vortex phase.
